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Abstract 
During their operation, modern aircraft engine components are subjected to increasingly demanding operating conditions, 
especially the high pressure turbine (HPT) blades. Such conditions cause these parts to undergo different types of time-dependent 
degradation, one of which is creep. A model using the finite element method (FEM) was developed, in order to be able to predict 
the creep behaviour of HPT blades. Flight data records (FDR) for a specific aircraft, provided by a commercial aviation 
company, were used to obtain thermal and mechanical data for three different flight cycles. In order to create the 3D model 
needed for the FEM analysis, a HPT blade scrap was scanned, and its chemical composition and material properties were 
obtained. The data that was gathered was fed into the FEM model and different simulations were run, first with a simplified 3D 
rectangular block shape, in order to better establish the model, and then with the real 3D mesh obtained from the blade scrap. The 
overall expected behaviour in terms of displacement was observed, in particular at the trailing edge of the blade. Therefore such a 
model can be useful in the goal of predicting turbine blade life, given a set of FDR data. 
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Abstract 
A reliable creep design for very long lives, capable to account for both diffusion and dislocation mechanisms, was 
used to explain the onset of type IV fracture in weldments. An unexpected decreased creep rupture strength at low 
stress is the typical consequence of this failure. The fine-g ained heat affected zone (FGHAZ) is the most sensitive 
region to the type IV failure. In this paper the effect of the grain size distribution was numerically investigated. The 
creep rupture occurs at the FGHAZ as a result of localized creep strain accumulation supported by high stress 
triaxiality which is known to promote nucleation and growth of cavities and reduce the material ductility. The stress 
triaxiality is mostly related to the grain size gradient in HAZ, thus an optimized grain size distribution could result in 
a longer creep life of the joints. 
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1. Background 
Type IV fracture is the typical failure mechanism of welded joints which operate under creep conditions. It 
occurs preferentially in the over-tempered, intercritical or refined region of the heat affected zone (HAZ). This 
mechanism is the main cause of lacking performance of 9 and 12 wt-% chromium steels for high temperature 
applications, Francis et al. (2006). The fine-grained heat affected zone (FGHAZ) is the region most sensitive to the 
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premature cracking generally occurring with a limited overall strain at failure. In Figure 1, typical location and 
morphology of type IV cracking is illustrated. 
 
Nomenclature 
c  current creep rate  
m  minimum creep rate 
 H hardening function 
  scaled activation volume 
0  decay constant  
RD recovery function 
  recovery function parameter 
 L recovery function exponent 
D, Dcr damage variable; critical value of damage 
 pc effective accumulated equivalent creep strain 
D
th  threshold strain for cavitation damage 
th
  threshold strain for microstructural damage 
R  stress triaxiality function 
h  hydrostatic stress 
eq  equivalent von Mises stress 
0A  pre-exponential constant for dislocation creep 
Q  activation energy for dislocational processes 
 m stress exponent for minimum creep rate 
  effective stress, (nominal stress affected by damage) 
0  reference stress 
dQ  activation energy for diffusional processes 
0  pre-exponential constant for diffusive creep 
 d average grain size 
 R universal gas constant 
 T absolute temperature 
 
 
 
Fig. 1: Location of type IV fracture. 
In recent years, several experimental studies investigated the occurrence of type IV failure in laboratory test pieces. 
It was demonstrated that the fracture location moves from the HAZ to the parent material increasing the applied 
stress, suggesting a change of the failure mode, Sakthivel et al. (2014). Furthermore, other studies, Abe et al. (2007), 
Schlacher et al. ( 2012), proved the suppression of grain refinement to increase the creep strength of crosswelds. 
Several attempt to predict the creep resistance of welded joints are available in literature, Perrin and Hayhurst 
 L. Esposito/ Structural Integrity Procedia 00 (2016) 000–000  3 
(1999), Eggeler et al. (1994). Usually distinct regions of the weldment are assumed to behave differently (as an 
altered material) and different creep model parameters are assumed for each. This approach requires an expensive 
and time consuming characterization for the parent metal, weld metal and HAZ regions. In this work, a physically-
based creep model is used to predict the occurrence of type IV fracture in 9%Cr steel joints providing the variation 
of the microstructure as the result of the welding process. 
 
2. Method 
In the present work the type IV fracture is investigated by a mechanism-based creep model, proposed in Bonora 
and Esposito (2010), extended to account for both diffusional and dislocational contribution to the overall creep rate. 
The lattice-diffusion creep rate is characterized by an explicit dependence on the average grain size. At sufficiently 
low stress, when diffusion creep dominates with respect to the dislocation creep, the creep rate becomes even larger 
for smaller grain size. Here, the creep life of the welded joint was estimated by means of finite element simulation. 
The creep behavior of cross-welded specimens of Grade P91 steel at 600°C, was simulated. The proposed creep 
model was implemented in the commercial finite element code MSC/MARC 2014 r1. The same set of model 
parameters for the base and weld material, was assumed. The onset of the type IV fracture was simulated providing 
just a spatial distribution of the grain size resulting from the welding process. In Figure 2, the used mesh for the 
cross-weld creep sample, under axialsimmetry condition, is shown. The mesh was refined on the HAZ. In Figure 3 
the imposed grain size distribution along the sample gauge length, is reported. 
 
 
Fig. 2: Mesh of the cross-weld specimen. 
 
Fig. 3: Assumed grain size distribution along the gauge length sample. 
3. Creep modeling 
Since this work aims to investigate numerically the occurrence of the type IV cracking, an accurate creep 
modelling is required. The model has to follow the heterogeneous strain field developed in cross-weld joints. In fact, 
relatively large strain over a very local region, also in uniaxial cross-welded samples, was observed by Parker and 
Stratford (1996). Starting from the minimum creep rate formulation, the current creep strain was predicted as 
follows:  
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3. Creep modeling 
Since this work aims to investigate numerically the occurrence of the type IV cracking, an accurate creep 
modelling is required. The model has to follow the heterogeneous strain field developed in cross-weld joints. In fact, 
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follows:  
922 L. Esposito / Procedia Structural Integrity 2 (2016) 919–9264 L. Esposito/ Structural Integrity Procedia  00 (2016) 000–000 
  mc DH R      (1) 
with the hardening (H) and recovery (RD) function for the primary and tertiary stage, respectively. Finally, the 
failure was assessed by the continuum damage mechanics (CDM) approach using the effective stress,  1 D   , 
ruled by void nucleation and growth mechanisms. Model parameters were identified on ASTM P91 base metal. 
3.1. Minimum creep rate formulation 
The minimum creep rate was obtained as the sum of two terms:  
  0
exp
0
0 2
0 0
exp exp
m
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m
Q QA
RT RTd

    
                              
   (2) 
where the first term account for dislocation creep and the latter for diffusion creep. Be noted that the diffusion creep 
rate shows an explicit dependence on the average grain size d. This model was calibrated and validated for the 
Grade P91 steel in Esposito et al. (2013). In Table 1 the used parameters for the minimum creep rate prediction are 
summarized. 
              Table 1: Model parameters for ASTM P91 minimum creep rate. 
0A  [h-1] Q  [J/mol] m 0 [MPa] 0 [m2 h-1] dQ  [J/mol] 
3.15E+14 412000 0.199 11.74 3.52E+7 200000 
 
3.2. Primary stage formulation 
The hardening processes, prevailing in a normal primary creep stage, were simulated by the multiplicative term 
proposed by Esposito and Bonora (2011): 
 
0
exp expH
RT
 

        
 (3) 
where  and 0 are stress dependent. For P91 steel the following calibrated trends were assumed: 
     
0
553.25
1 exp 0.02865 -170.7
1 exp 0.0185 -120.1
785.25


  

 (4) 
3.3. Tertiary stage formulation 
Although the term damage is often used to implicitly indicate the formation of voids and cracks, in CDM the 
damage notion is much more general since it accounts for the effects caused by all irreversible processes which 
reduce the material load carrying capability, Esposito and Bonora (2009). In materials with complex microstructure, 
damage occurs because of two-stage process, in which nucleation and growth of cavities is preceded by fading of 
the dislocation barriers and causing most of the observed increase of the creep rate, Bonora et al. (2014). Thus, in 
this paper the increase of the creep-rate, during tertiary stage, is mainly ascribed to the microstructure evolution 
(variation in the dislocation cell structure, lath coarsening, barriers depletion and aging).  
For strains above a threshold, all the microstructure evolution effects were evaluated with the multiplicative term:  
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  1            LD th thR if          (5) 
The th  and L values suitable for P91 steel are about 0.01 and 2.0, respectively. 
Nucleation and growth of defects, such as microvoids and microcracks, was assumed to rule the creep rupture. 
Failure occurs when the damage variable reaches a critical value. The following damage evolution law, as in Bonora 
and Esposito (2010), was adopted: 
   
ln1 1 ln
D
c th
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f th
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 
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 (6) 
where      22 3 1 3 1 2 h eqR         is the function that account for triaxiality effect. Stress triaxiality 
accelerates damage accumulation and reduces failure strain and creep life. In Table 2 the damage parameters, 
suitable for the P91 steel, are summarized.  
                                                            Table 2: Damage parameters for ASTM P91. 
 Dth   f  crD [MPa] 
1 0.04 0.3 0.05 
 
4. Results and discussion 
Two stress levels, corresponding to 50 and 130 MPa, were simulated and analyzed in detail. Under the first 
condition the creep rate it is expected to be controlled by diffusion creep mechanism, while at 130 MPa the effect of 
grain size can be neglected, as shown in figure 4. Effectively, simulation at 50 MPa demonstrates a significant strain 
localization in FGHAZ, figure 5. Furthermore, the model predicts the premature failure at the FGHAZ although the 
overall strain in the sample is limited, figure 6. In that case the material at the HAZ is constrained by the 
surrounding material causing a local increase of the triaxiality. In figure 7 the stress triaxiality,  h eq  , evaluated 
along the sample axis at failure for both the stress conditions, is shown. When the failure involves the weld metal 
after an extended necking, the triaxiality rises moderately. On the contrary, when the type IV fracture occurs, the 
stress triaxiality is very high on the FGHAZ. Consequently, as shown in figure 8, the predicted local strain at failure 
is greatly lower for the 50 MPa case. The reduced grain size at the FGHAZ triggers creep strain localization that 
causes local stress relaxation too. Therefore, even under nominal moderate stress - for which the creep rate it is 
expected to be controlled by dislocation creep mechanism - relaxed local stress could be low enough for diffusional 
creep. The graph in figure 9 proves how the predicted creep life is effected by the type IV fracture onset. 
In conclusion, type IV fracture occurs at the FGHAZ as a result of localized creep strain accumulation supported by 
high stress triaxiality which is known to promote cavities nucleation and reduce the material ductility. With the 
proposed modelling approach is possible to discriminate the conditions (stress and temperature) for the occurrence 
of type IV fracture in a welded joint, providing a reliable tool to estimate the effective life in service of welded 
components. 
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Fig. 4: Effect of the grain size on the minimum creep rate. 
 
 
Fig. 5: Localization of creep strain due to the fine grain, (50MPa simulation). 
 
Fig. 6: Failure onset in FGHAZ without necking, (50MPa simulation). 
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a)  b) 
Fig. 7: Distribution at failure of the stress triaxiality a) and equivalent creep strain b) over the FGHAZ. 
 
 
Fig. 8: Reduced creep life of crosswelds due to the type IV fracture occurrence. 
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Fig. 8: Reduced creep life of crosswelds due to the type IV fracture occurrence. 
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